Neuroglial cell death was investigated in 3 white matter tracts of jimpy and normal mice. In normal animals, glial death during development ranged from 0.5 to 2.7% of the total glial population. The number of dying glial cells was significantly higher in jimpy animals at times corresponding with oligodendroglial proliferation and the onset of myelination in each tract. At certain ages, over 10% of the glial population were pyknotic at the lightmicroscopic level. Dying glial cells that were identified ultrastructurally presented the characteristics of oligodendrocytes. Premature death of oligodendrocytes presents a simple explanation for the gross deficits of myelin in jimpy animals. The shortened life span of the jimpy oligodendrocyte may preclude the elaboration of a normal myelin sheath. The jimpy model may prove to be a valuable tool in delineating a role for normal neuroglial cell death during the development of the nervous system.
Cell death has been shown to play a significant role in the structuring of many tissues during development (Glticksmann, 195 1) . Neuronal cell death has been examined extensively in this regard. Elimination of a portion of the neuronal population is a normal developmental process helping to determine the ultimate size of neuronal populations and their relationships to target cells (Cowan et al., 1984; Hamburger and Oppenheim, 1982) . Neuroglial cell death may also contribute to the development of the nervous system, perhaps by establishing normal ratios of glial cell types and by refining associations between neurons and glial cells themselves. The death of neuroglial cells during development has been described in only a few studies (Korr, 1980; Smart and Leblond, 196 1; Sturrock, 1979) , and no functional significance has been attached to this event. We have recently reported an increased incidence of glial cell death in the jimpy mouse (Knapp and Skoff, 1984) . Jimpy (ip) is a sexlinked mutation, which results in severe hypomyelination in the CNS of affected male mice (Sidman et al., 1964) . The high level of glial cell death in the jp mouse may help us to understand the normal role of neuroglial death in developing nervous systems.
In this paper we use light-microscopic techniques to show that the amount of glial death in developing jp CNS tissues can be greater than 10% of the total glial population, and greater than 10 times that of normal tissues. Using ultrastructural techniques we further establish that oligodendrocytes are primarily affected. The premature and selective death of the oligodendrocyte population helps to explain the well documented reduction Received June 3, 1985; revised Mar. 10, 1986; accepted Apr. 1, 1986. This , 1973; Meier and Bischoff, 1975; Skoff, 1976) in the face of their increased uptake of tritiated thymidine (Skoff, 1982) . Most importantly, the early death of jp oligodendrocytes indicates that the cell type is defective and probably unable to perform its normal task of making and maintaining a myelin sheath.
Materials
and Methods Mice used in these experiments were males bred in our laboratory by mating jp carrier females (Tajp/++) with tabby males (Ta+/Y) obtained from the Jackson Laboratories (Bar Harbor, ME). Male offspring that receive the jp gene show a severe deficit in myelination of the CNS (Sidman et al., 1964) . Young jimpy males (Tajp/v were identified by the lack of myelin in spinal cord sections at the light-microscopic level. The tabby gene (Ta), which is closely linked to the jp gene, produces characteristic fur markings that assist in the selection of jp animals. Jimpy animals older than 10 d were identified by their characteristic tremors. Normal control animals (++/Y) were identified by their normally myelinated spinal cords, lack of tremors, and wild-type (non-Ta) fur markings.
Mice were anesthetized with chloral hydrate and sacrificed by intracardiac perfusion at 4, 7, 11-12, 16, 20 , and 22 d after birth. The perfusate consisted of 2% glutaraldehyde, 2% paraformaldehyde, and 0.01% CaCl in 0.1 M phosphate buffer, pH 7.2. Following perfusion, the intracranial portion of the optic nerve, the upper brachial segment of the spinal cord, and a midsagittal section of the corpus callosum at the level of the hypothalamus were dissected out. The tissue was placed in fixative and refrigerated overnight. The following day tissues were washed in 0.1 M phosphate buffer, osmicated for 90 min, dehydrated in graded ethanols, and placed in propylene oxide. The tissue was infiltrated overnight in a 50% solution of Araldite in propylene oxide, embedded in fresh Araldite, and polymerized at 56°C for 60 hr.
For light microscopy, 1 wrn sections were stained with an aqueous solution of toluidine blue. For electron microscopy, thin sections were stained with uranyl acetate and lead citrate. Thick sections were taken immediately preceding thin sections in order to facilitate the identification of individual cells in both light and electron micrographs.
Thick sections were used to quantify numbers of apparently normal and dying glia. Cells were counted in hemisections of spinal cord white matter and complete transverse sections of optic nerve and corpus callosum. In these areas there are no neuronal cell bodies, and glial cells were easily identified by typical nuclear and cytoplasmic features (Mori and Leblond, 1970) . Microglia and endothelial cells were not included in the cell counts. The classification of a cell as dying involved a qualitative judgment on our part. The majority of cells included in this category w&e clearly morbid, consisting of a dense mass of cellular debris (Fin. 2). The identification of cells in less advanced stages of deterioia&n,'but still indexed as dying, was principally based onfindings of abnormality in the distribution and density of nuclear chromatin. Changes in nuclear structure seemed to precede those in the cytoplasm and were more noticeable than cytoplasmic changes at light-level magnifications. Given the limited resolution ofthe light microscope, it seems probable that the percentages of dying glia that we calculated actually underestimate the severity of cell death in the jp animal. All 3 brain regions were examined at the ultrastructural level. Knapp et al. Vol. 6, No. 10, Oct. 1986 
Results
Light-microscopic quantification Glial death in normal tissues ranged between 0.5 and 2.7% of the total glial population (Fig. 1) . The percentages of dying glial cells in the CNS of jp animals depended both upon the region of the brain and the age of the animal. The absolute numbers of dying and total glial cells are given in Table 1 .
In the 4-d-old mouse, spinal cord myelination has already begun. Spinal cords of jp animals had percentages of dying glia that were significantly higher than in control animals at all ages studied (4-20 d postnatal). The jp mutant shows a 4-fold increase in glial cell death at 4 d of age. Differences between jp and control animals became even greater at older ages. The highest percentage of glial cell death we observed in the jp spinal cord was 12.6% at day 12. Although the quantification was done on cell counts in the white matter, large numbers of dying cells were also seen in the gray matter of the cord.
Myelination in the optic nerve begins at a later time than in the spinal cord, starting between days 5 and 7 (Kuwabara, 1975; Tennekoon et al., 1980) . Percentages of dying glial cells in jp optic nerves were similar to controls at day 4 and started to increase by 7 d of age. By day 12, and thereafter, levels were significantly higher in jp animals. At day 20 there was a 12-fold difference between jp and normal optic nerves and the highest percentage (8.4%) of dying glia was observed.
The first myelin sheaths in the mouse corpus callosum (CC) were seen at day 11, although the phase of rapid myelination occurs between 14 and 45 d (Sturrock, 1980) . We studied the CC at 3 time points during development: 11, 16, and 22 days. At day 11, jp and control sections had equivalent numbers of dying glia. By day 16 the jp CC had a statistically higher percentage of dying cells, a difference that increased to 6-fold by day 22.
Representative light micrographs illustrating typical dying glial cells in jp are included (Fig. 2) . Some of the dying cells have long cytoplasmic processes, but most are spherical and condensed. There were no gross morphological differences between dying cells in normal versus jp tissues.
Electron-microscopic analysis
Alternating thick and thin sections were initially used to confirm the status of the cells that appeared to be dying at the light level. Light and electron micrographs of the same cell taken from adjacent thick and thin sections of a 20 d jp spinal cord are shown (Fig. 3 ). The dying cell, which is unidentifiable at the low resolution of the light microscope, shows features of an oligodendrocyte when viewed ultrastructurally. Electron microscopy was used to identify conclusively the type(s) of dying glial cells. Cells in early stages of necrosis could be identified as immature oligodendroglia by cytoplasmic features characteristic of this cell tylje (Mori and Leblond, 1970; Skoff et al., 1976) . The cells shown in Figures 5-9 represent the likely continuum of stages through which glial cells in the jp mutant proceed during the course of their death. In contrast, an oligodendrocyte from a 20 d jp spinal cord, similar in morphology to myelinating oligodendrocytes in normal tissues, is seen in Figure 4 . The features of this cell type distinguishing it from astroglia and microglia are: the overall density of the cytoplasm and nucleus; the elongated, thin strands of endoplasmic reticulum; numerous mitochondria; and stacks of Golgi apparatus. The nucleus is typically eccentric with chromatin distributed around the nuclear membrane. Several microtubules are present in this cell but are difficult to resolve because of the density of the cytoplasm. It appears to have connections with 2 axons.
The first sign of necrosis occurs in the nucleus where the chromatin is polarized (Fig. 5 ). Mitochondria and Golgi apparatus are numerous and normal in appearance. The nucleus retains its eccentric position. A cell in a more necrotic stage (n = 3) (n = 2) (n = 3) (n = 3) (n = 3) (n = 3) (n = 3) (n = 3) (n = 4) (n = 4) Figure 6 . Twenty day jp mouse spinal cord. x 14,500. A dying oligodendrocyte located in the gray matter of the cord. The nuclear chromatin is present in extremely condensed patches (arrows), the cytoplasm assumes a grainy texture, and organelles are in a less orderly arrangement than in normal cells of this type (G, Golgi apparatus; ER, endoplasmic reticulum).
( Fig. 6 ) has nuclear chromatin present in several abnormally condensed patches at the periphery. Numerous mitochondria, Golgi apparatus, and the darker cytoplasm are characteristic of oligodendrocytes. At this stage of degeneration, the cytoplasm becomes coarse and grainy as the integrity of the cytoplasmic constituents diminishes. At the ultrastructural level, the cytoplasm and nucleoplasm of the majority of dying cells were far too coalesced to permit even the most tentative identification. Figure 7 shows a cell in an advanced stage of glial cell death. Numerous mitochondria and Golgi bodies can still be discerned, although they are now extremely bloated and the cytoplasm itself is condensed. Outlines of long strands of endoplasmic reticulum are also evident. The nucleus is completely condensed and the nuclear membrane has disappeared. These features, although in considerable disarray, are compatible with those of an oligodendrocyte. A cell in a similar stage of degeneration shows apparent continuity with a myelin sheath (Fig. 8) . Both the inner tongue ofthe myelin sheath and the glial cell cytoplasm are in the same plane of focus and are similar in density. This strongly suggests that the dying cell has produced this myelin sheath. Electron-dense particles similar in size to ribosomes appear singly or in clusters throughout the cytoplasm of this cell. These ribosome-like clusters are frequently observed in dying cells at this stage. In Figure 9 
Discussion
Our study of glial cell death in jp mouse CNS led to the following conclusions. First, that glial death in the 3 white matter tracts we studied was significantly greater in jp than in normal animals at specific ages of development; second, that the numbers of dying glia increased in a given tract at a time coincidental with oligodendroglial proliferation and the onset of myelination in that region; third, that the dying glial cells were oligodendrocytes; last, that oligodendroglial cell death proceeded in an orderly pattern, with nuclear abnormalities occurring before those in the cytoplasm.
Time of cell death
Other investigators have described pyknotic glia in normal CNS at various ages and in various brain regions (Korr, 1980; Pannese and Ferranini, 1967; Smart and Leblond, 196 1; Sturrock, 1979) . Neuroglial cell losses during development vary among species and between brain regions studied but generally are less than 1.5% of the total glial population (Pannese and Ferranini, 1967) . In this study, between 0.5 and 2.7% of the glia in normal CNS tissues were pyknotic.
Analysis of our data showed that the amount of glial cell death in jp spinal cord, optic nerve, and CC was abnormally high. Our first clue in the identification of the dying cell population was the fact that increased glial cell death occurred at different times in each of the 3 CNS areas studied. Increased glial death was observed by postnatal day 4 in jp spinal cord (the earliest age included in this study), by day 12 in jp optic nerve, and, last, by day 16 in jp corpus callosum. This time course parallels that of normal oligodendroglial proliferation and the onset of myelination in each tissue (Skoff, 1976; Sturrock, 1980; Tennekoon et al., 1980) . The high percentage of dying glial cells at times coincident with oligodendroglial proliferation and myelination in 3 different tissues strongly suggested that the oligodendrocytes might be dying. We examined thin sections for necrotic cells with recognizable cytoplasmic constituents in order to establish the identity of the dying cell population. Classification of the neuroglial cell type can often be made based on morphological criteria alone, provided that a sufficient amount of cytoplasm is examined. In the majority of dying cells, the disruption and deterioration of cytoplasmic organelles makes identification difficult. The cytoplasm of cells in the early stages of pyknosis is, for the most part, intact, and these cells have the morphology of oligodendrocytes (e.g., Fig. 5 ). Characteristic features of oligodendrocytes seen in dying cells include cisterns of rough endoplasmic reticulum, which are often stacked, prominent Golgi bodies, occasional microtubules, and numerous free ribosomes and mitochondria. The cytoplasm is more electron dense than that of an astrocyte and contains an eccentric nucleus with heterochromatin distributed around the nuclear membrane. Occasionally, processes of dying cells with ensheathed axons are seen. Our impression is that these sheaths are of less than normal thickness. These ultrastructural observations indicate that the.majority of dying cells observed in jp CNS tissues are oligodendroglia. Necrotic cells with intermediate filaments or glycogen granules typical of astroglia have not been found. Dying cells tend to be larger than microglia and do not contain the cytoplasmic lipid droplets, inclusions, or the long, vermicular endoplasmic reticulum that are distinguishing features of the microglial cell.
Identification of dying cells
Observations at the light level indicate that approximately 10% of the total jp glial cell population is dying in 3 CNS regions that should be undergoing active myelination. Since only about 50% of normal CNS glial cells are oligodendroglia, we estimate that close to 20% of this cell population is dying at any one time in the jp animal. This figure most likely underestimates the number of sick oligodendroglia since early degenerative changes are not visible at the light level. The death of more than 20% of the oligodendrocyte pool must have important consequences on myelination in jp animals.
Biochemical changes in jp
We have presented evidence that large numbers of oligodendrocytes in jp brains die prematurely. A shortened life span is likely to prevent jp oligodendrocytes from forming myelin sheaths of normal thickness. This fundamental explanation for the jp myelin deficit may also explain defects in production and assembly of jp CNS myelin components demonstrated in biochemical studies. The amount of myelin basic protein (MBP) produced by isolated jp ribosomes is either relatively normal (Camow et al., 1984) or reduced to roughly half ofnormal levels (Campagnoni et al., 1984) . However, when MBP is measured in jp brain homogenates, it is reduced by roughly 95% (Jacque et al., 1983; Kemer and Carson, 1984; Zimmerman and Cohen, 1979) . Isolated ribosomes from jp brain are therefore able to synthesize substantially greater amounts of basic proteins than are actually incorporated into jp myelin (Campagnoni et al., 1984; Camow et al., 1984) . In addition to the reductions in MBP, the myelin marker enzyme 2',3'-cyclic nucleotide 3'-phosphohydrolase is also at very low levels in jp animals (Kemer and Carson, 1984) . Proteolipid protein, a major component of CNS myelin, is apparently entirely absent (Kemer and Carson, 1984) . These biochemical analyses indicate oligodendroglial defects involving both synthesis and assembly of myelin components. The present study suggests that the abnormal process- Figure 9 . Sixteen day jp mouse spinal cord. x 15,000. A microglial cell (MC) with many lipid droplets (L) and long, stringy endoplasmic reticulum (ER) engulfing a dead cell mass. The dead cell has no recognizable cytoplasmic features.
ing of myelin membranes in jp may be due to a more fundamental problem. Oligodendrocytes that are dying prematurely may be unable to generate new structural components or to maintain those already established. The paucity of cells with cytoplasmic features of mature oligodendrocytes in jp animals is a further indication that this cell line does not differentiate appropriately.
Etiology of the jp defect A basic and as yet unresolved question concerns identification of the cell that is the primary target of the jp defect. Studies of female jp carriers show that jp axons are able to support normal myelination. Individual axons in the CNS of jp heterozygotes exhibit areas that are alternately myelinated and unmyelinated along their length (Bartlett and Skoff, 1984; Skoff and Montgomery, 198 1) . If the defect were in the neuron, its axon would be expected to be completely unmyelinated. Additionally, in vitro studies have shown that coculturing jp cerebellum with normal optic nerve results in significantly increased levels of cerebellar myelination (Billings-Gagliardi et al., 1983) . This finding suggeststhat the mutation is not inherent in the neuron but more likely involves one of the macroglial cells. Both jp astrocytes and jp oligodendrocytes have been shown to exhibit a number of abnormalities. Astrocytic fasciculation is markedly increased in optic nerves of jp mice by 2 d of age, before oligodendrocytes are present (Skoff, 1976) , and by 10 d of age in the CC (R. P. Skoff, unpublished observations). In jp spinal cords, Omlin and Anders (1983) have described astrocytic hyperplasia, abnormal junctional complexes, and premature development of typical orthogonal particle assemblies in astrocyte membranes. Jimpy astrocytes show evidence of a metabolic defect; K+ stimulation of oxygen uptake cannot be demonstrated either in vitro or in vivo (Hertz et al., 1980; Keen et al., 1976) . This functional defect and the evidence that astrocytic hyperplasia can occur before the onset of myelination substantially support the idea of abnormalities intrinsic to jp astrocytes. Mature oligodendrocytes in jp mice are decreased by roughly 50% (Kraus-Ruppert et al., 1973; Meier and Bischoff, 1975; Privat et al., 1972; Skoff, 1976 Skoff, , 1982 ), yet, surprisingly, their incorporation of 3H-thymidine is severalfold higher than in normal animals (Skoff, 1982) .
Given their structural and functional irregularities, both oligodendrocytes and astrocytes may contribute to the myelination defect in the jp animal. One possibility is that oligodendrocytes die prematurely because of astrogliosis. The abnormal insinuation of astroglial processes between axons and oligodendrocytes or their myelin sheaths in jp tissues (Omlin and Anders, 1983) creates a physical barrier that may prevent myelination by disrupting normal cellular contacts. However, there is no evidence that oligodendrocytes require continued axonal contact for survival. In vitro oligodendrocytes elaborate myelin-like membranes in the seeming absence of neurons (Bradel and Prince, 1983; Sarlieve et al., 1983) . This differs from the situation in the normal PNS, where the myelinating Schwann cell depends on continued axonal contact for maintenance of myelin sheaths (Weinberg and Spencer, 1978) . Occasionally, dying oligodendrocytes in jp tissues appear to be continuous with myelinated axons (Fig. 8) . Therefore, if astrocytes do interfere with myelination of jp axons, there must be an additional factor(s) involved in the premature cell death. Another possibility is that the primary defect lies within the oligodendrocyte itself. Other investigators have observed jp axons surrounded by MBP-positive oligodendroglial processes that do not develop into myelin sheaths (Omlin and Anders, 1983) . This implies an essential inability of the jp oligodendroglial cell to produce and sustain normal myelin membranes, possibly because of their premature death. Our laboratory has recently compared primary cultures ofjp and normal mouse bra&s. Neurons are not present in these cultures. The majority of oligodendrocytes from normal brains elaborate large, membranous sheets that stain positively for MBP and galactocerebroside. Most cells in jp cultures do not express either of these myelin markers. Staining is largely confined to cell processes and jp cultures exhibit large numbers of dying cells, mimicking the in vivo situation Knapp et al., 1985) . The relatively poor differentiation of jp oligodendrocytes in vitro supports the idea that the jp defect is inherent in one of the macroglial cells.
Patterns of cell death Jimpy oligodendroglia follow an orderly sequence of degeneration, beginning with chromatin polarization and condensation. Cytoplasmic irregularities follow the initial nuclear changes and include the swelling of both mitochondria and endoplasmic reticulum. The ribosomes detach and aggregate into dense clusters. The nucleus becomes shrunken, dense, and spherical; its membrane swells, breaks down, and eventually disappears. The Golgi apparatus is preserved for a longer period of time than other organelles. In terminal stages, the cell becomes a solid dark mass that is engulfed by neighboring astroglia or microglia. Our impression is that the early phases of deterioration progress quite rapidly since the majority of cells are in terminal stages (Fig. 9) . Preliminary autoradiographic studies suggest that at least some oligodendrocytes die within 3 d of 3H-thymidine incorporation.
The pattern of deterioration in jp oligodendroglia appears to be the reverse of that described for "programmed" or natural neuronal cell death. In natural neuronal cell death, the first signs of morbidity occur in the cytoplasm (Chu-Wang and Oppenheim, 1978; Giordano et al., 1980) . It is generally accepted that naturally occurring neuronal cell death in mammals results from competition among a ncuronal population for some limited trophic or maintenance factor (Hamburger and Opperiheim, 1982) . This selective elimination is important in the shaping of the CNS and in determining both the numbers of neurons and their relationships to target cells. The possibility that glial cell death may contribute to the overall scheme of CNS development has been largely overlooked, although the phenomenon has been described in several tissues (Korr, 1980; Pannese and Ferranini, 1967; Smart and Leblond, 196 1; Sturrock, 1979; and as described here) . The percentage of glial cells that die at a given time point during normal development is less striking than the cell death that occurs in certain neuronal centers. However, considering the time frame of glial death, which extends throughout most of the postnatal development period (Fig. l) , the overall loss of glial cells will be quite high, perhaps even greater than neuronal losses. Since glial death extends throughout development, it may well play a role in the fine tuning of cellular relationships.
The concept of cell death as a controlled event during morphogenesis is applicable to many tissues. Kerr et al. (1972) have used the phrase "apoptosis" to describe a pattern of shrinkage, or condensation necrosis, resulting in focal cell death during development. In their view, such cells have intrinsic "clocks" and are programmed to regress at particular developmental points, subject to fine tuning by hormones and other environmental inputs (Wyllie et al., 1980) . Diffusible environmental factors have long been recognized for their role in CNS development. For example, thyroxine controls the rate of cerebellar cell acquisition and maturation of neurons in both cerebral and cerebellar cortices (Balazs, 1974) . Oligodendroglial formation and myelination are also dependent on thyroid hormones and corticosteroids (Balazs et al., 1969; Bohn and Friedrich, 1984; Closet al., 1982) . Corticosteroids inhibit cerebral cell formation, most likely by prolonging the cell cycle (Balazs, 1974) .
Our data show that there is a low level of glial death during normal CNS development and that this level may vary with time and between brain regions. Oligodendroglia from jp tissues proliferate at abnormally high rates (Skoff, 1982) even as they are dying prematurely, as shown here. Clearly, there is some factor(s) limiting the expansion of this cell population in the normal animal, just as there must be a factor(s) that limits glial cell loss. The large numbers of dying oligodendroglia in jp animals may be due to a misreading or lack of recognition offactors that normally limit the developmental "pruning" of glial numbers. Whether this results from an error intrinsic to the genetic message or from inappropriate environmental input is unknown. The bulk of recent evidence has shifted the focus of our attention away from a primary defect involving the synthesis and/or assembly of specific myelin components. We now think that the defect in jp involves the control of cell division and early oligodendrocyte differentiation.
